Introduction {#sec1}
============

Nanodiamonds (NDs) belong to a family of carbon-based nanomaterials^[@ref1]^ that are promising for numerous applications. Applications of NDs in biology such as imaging,^[@ref2],[@ref3]^ drug delivery, or gene therapy^[@ref4]^ as well as in spintronic^[@ref5]^ and photonic^[@ref6]^ are the most topical. Because the ratio of surface atoms on typical 5 nm ND is already ∼15%, the structure and chemistry of the surface determines the ND properties to a great extent. For instance, surface termination was shown to control photoluminescence (PL) of NDs from NV centers via electric dipoles of the surface atoms.^[@ref7],[@ref8]^ High-quality surface oxidation^[@ref9],[@ref10]^ or fluorination^[@ref11]^ leads to enhancement of NV^--^ over NV^0^ color centers population, while surface-states-related broad band PL is efficiently quenched at the same time. Thus, an attention is increasingly focused on the well-defined surface chemistry and purity of NDs, in particular, for their biological or electronic applications.^[@ref12]^

There are various sources of NDs. When sub-10 nm NDs are required the DND^[@ref13]^ (detonation nanodiamond) is the typical choice at present. They have the characteristic, narrow size distribution of 5 ± 2 nm, although considerable decrease in their mean size down to 2.8 nm using nanosized explosives was recently reported.^[@ref14],[@ref15]^ On the contrary, separation of individual DNDs is not a straightforward process due to a complex, hierarchical structure of the detonation soot they have to be isolated from.^[@ref16]^ In addition, a DND nanoparticle itself exhibits a complex structure given by its detonation origin. A DND nanoparticle is often modeled by a diamond core, including various lattice defects, transient sp^3^/sp^2^ layer, and sp^2^ surface shell that may carry various surface functional groups.^[@ref17]^ Lattice defects in DNDs can inactivate laboriously created color centers by acting as sink (low energy) sites. NDs with well-defined inner structure and surface in the DND size range are currently missing.

One of the candidates may be NDs, which arise from mechanical grinding of high-quality HPHT (high-pressure high-temperature) diamond microcrystals. Their main advantage over DNDs is the expected uniform structure with low concentration of lattice defects such as dislocations or twinning. This is particularly important for their spintronic and sensing applications as they may stably host various color centers.^[@ref18]−[@ref20]^ Ultrasmall HPHT NDs receive a growing attention^[@ref21],[@ref22]^ as the size of HPHT NDs below 10 nm may facilitate easier cell penetration, which together with the shape, their aggregation stage, and their surface charge play important role.^[@ref23]^ NDs smaller than 10 nm may thus enable efficient molecular tracking biological applications as well as general exploration of nanoscale-related phenomena in high-quality diamond. The finest HPHT NDs available nowadays on the market have a size median of ∼18 nm. Similar HPHT diamond powder (median size of 25 nm) was recently reported to contain 60% of sub-10 nm particles, as revealed by a transmission electron microscopy (TEM) analysis.^[@ref24]^ The particle size thus approaches that of DNDs, although their size distribution is broader due to the grinding processes they arise from. Another study showed that an acceleration of 8.65 × 10^4^*g* for 40 min in a centrifuge can provide NDs with median size of 4 nm starting from a HPHT material with median size of 30 nm;^[@ref25]^ however, in both cases, no attention was paid to material characterization of the separated sub-10 nm NDs.

Yet raw ND powders (i.e., detonation or HPHT) are well-known to contain also nondiamond carbon, metal, and metal oxides impurities coming either from the grinding process in the case of HPHT NDs or from the explosive chamber and explosion event itself in the case of DNDs. Many manufacturers use wet chemical post-treatments to address the purity and surface chemistry of the NDs such as H~2~SO~4~, mixture of H~2~SO~4~/HNO~3~, HCl, and K~2~CrO~4~ in H~2~SO~4~ for removing metallic impurities and KOH/KNO~3~, Na~2~O~2~, CrO~3~/H~2~SO~4~, and HNO~3~/H~2~O~2~ under pressure for nondiamond carbon etching. Numerous other purification approaches have been reviewed by Schrand et al.^[@ref4]^ Oxidation in air^[@ref26]−[@ref28]^ at elevated temperatures and oxidation in ozone^[@ref29],[@ref30]^ have been demonstrated as alternative and effective approaches for nondiamond carbon phase removal and surface oxidation of NDs. In particular the air-oxidized NDs were shown to be chemically stable in ambient air despite their nanoscale dimensions.^[@ref31]^

In this study we describe an efficient approach how to obtain sub-10 nm HPHT NDs down to 1 nm with excellent purity and crystallinity by optimized control of annealing time and temperature in air, followed by a relatively short centrifugation step. We present comprehensive microscopic, scattering, thermogravimetric, photoelectron, Raman, infrared, and photoluminescence analysis and provide structural, chemical and photoluminescence correlations. We show that it is possible to prepare and separate sub-10 nm HPHT NDs with a distribution function close to the DNDs but with considerably better structural quality. At the same time, a considerable fraction of probably smallest man-made NDs as small as 1.1 nm is obtained and visualized by scanning transmission electron microscopy (STEM). This demonstrates the stability of diamond down to 1 nm. By means of particularly Raman spectroscopy, we demonstrate a real phonon confinement effect in sub-10 nm NDs.

Materials and Methods {#sec2}
=====================

Nanodiamonds Preparation {#sec2.1}
------------------------

Monocrystalline synthetic NDs of HPHT origin with a median size of 18 nm (MSY 18, size range: 0--25 nm) were purchased from Microdiamant AG. The NDs were used as received or annealed in air at 450 °C for 30, 60, and 120 min and at 500 °C for 30 min. Deionized water-based colloidal solutions with concentration of 20 mg/mL were prepared from the as-received and annealed MSY 18 HPHT NDs. The solutions were ultrasonicated by means of an ultrasound horn (Hielscher) at 200 W for 1 h to ensure a proper dispersion and then centrifuged (Eppendorf Mini plus) at 14 000 rpm (13 124*g*) for 1 h. 1 mL of supernatant was carefully separated by a micropipette to isolate the smallest NDs. This resulted in the set of five samples: MSY18-asrec (as-received NDs), MSY18-O1 (annealed 30 min, 450 °C), MSY18-O2 (annealed 60 min, 450 °C), MSY18-O3 (annealed 120 min, 450 °C), and MSY18-O4 (annealed 30 min, 500 °C).

We further involved commercial DNDs (distributor: New Metals and Chemicals, Kyobashi, manufacturer: Lingyun Granda Nano (China)) with nominal size of 5 nm as a reference. These DNDs are made from TNT (trinitrotoluene) and RDX (hexogen) charge, cooled by surrounding water shell. Colloidal solutions were obtained from these DNDs by the same approach as previously described, that is, after ultrasonic treatment and centrifugation. Two particular colloidal samples were prepared: DND-asrec (as-received DNDs) and DND-O (air-annealed 30 min, 450 °C).

Characterizations {#sec2.2}
-----------------

For atomic force microscopy (AFM) analysis, Si substrates (p-type, 3--8 Ωcm, MEMC Electronic Materials) covered by a native oxide layer were immersed in the NDs colloidal solutions and placed in an ultrasonic bath for 30 min to achieve a moderate coverage. AFM images were acquired by NTegra Prima (NT-MDT) using PPP NCSTR Si tips (Nanosensors) in a noncontact regime. To obtain particle size histograms from the AFM topography data, we performed the particle analysis procedure on at least three randomly chosen spots on the sample. The sizes of the particles were determined from a maximum height of a particle values to exclude the effect of the tip convolution. The particle size analysis was performed by the AFM software from the 256 × 265 images. Because the image size was 1 × 1 μm^2^, the length of the scanner step was 3.9 nm laterally. Because a typical 3 nm particle was imaged having diameter of ∼20 nm, ∼5 pixels (*x*, *y*, *z* coordinates) were recorded on such particle, which provide reasonable accuracy. At the same time, the tip was still sharp enough to distinguish the vast majority of single particles. A minimum number of nanoparticles used for the particle size determination was always \>1000. Particles were assumed to be perfect spheres to extract the volume fraction. Although the particles located on the image borders were not excluded from the analysis, it did not have any significant effect on the obtained size distribution.

Dynamic light scattering (DLS) measurements of colloidal solutions were performed on a Malvern instrument Zetasizer Nano ZS equipped with a helium--neon laser (633 nm); the scattering angle was 173°. The refractive index of bulk diamond (2.4) was used to convert the measured intensity/size distributions to volume/size distributions as the Rayleigh approximation predicts that the intensity of the light scattered is proportional to particle diameter by *r*^6^, and so even small concentration of larger particles would dominate the intensity spectrum.

The thermogravimetric analysis (TGA) was done using a homemade apparatus constructed of a computer-controlled oven and a Sartorius BP210 S balance. The measurements were carried out in air between 30 and 960 °C at a heating rate of 5 °C min^--1^. For TGA analysis, raw MSY18 and DND powders were used in an as-received state.

X-ray powder diffraction using Bruker D8 diffractometer (CuKa radiation) was employed to determine the lattice parameters and crystallite sizes of NDs. X-ray diffraction patterns were analyzed with the Rietveld method using the FULLPROF program.

A TEM grid covered with CVD-grown graphene (purchased from Graphenea) was dipped into colloidal solution of NDs and then rinsed in isopropanol. To avoid damage of the graphene support caused by surface tension during drying, a critical point drying technique was used. STEM imaging was carried out with a Nion UltraSTEM 100 operated at 60 kV in ultrahigh vacuum. The achieved structural resolution was 1 Å.

Material quality of NDs was characterized by micro-Raman spectroscopy. Raman spectra were measured by using a Renishaw InVia Raman microspectrometer with UV excitation wavelength of 325 nm. The intensity of the incident laser was below 1 mW to minimize possible heat-induced changes of the samples. A volume of 20 μL of the colloidal solution was applied on a Si substrate by drop-casting and dried at 100 °C for 2 min to evaporate the water. All measurements were performed with a 40× objective with numerical aperture 0.5, resulting in the laser spot diameter of 20 μm. The accumulation time was set to 100 s to increase the signal-to-noise ratio. A spectral calibration was done on a bulk monocrystalline diamond sample.

Photoluminescence of NDs in the form of colloidal solutions was excited by the third harmonic (355 nm) of pulsed Nd:YAG laser (8 ns long pulses, 10 Hz repetition rate, and excitation power density of 100 kW/cm^2^). The photoluminescence signal was collected with an optical fiber coupled to a spectrograph Shamrock with gated intensified CCD camera Andor (minimal gate width of 4 ns, irising effect of 0.2 ns).^[@ref32]^ The integrated spectra were measured within the detection gate of 100 ns. The time-resolved spectra were measured by shifting the 5 ns long detection gate by steps of 1 ns. The detection gate was pretriggered to detect also the rise of the signal. The measured spectra were corrected for the spectral response of the detection system.

Characterization of the chemical and material composition of the NDs was done by X-ray photoelectron spectroscopy (XPS) using an Al Kα X-ray source (1486.6 eV, Specs), equipped with a hemispherical energy analyzer (Phoibos 100, Specs). The XPS photoelectron spectra were acquired at a constant takeoff angle of 90°. The survey scans were recorded using 40 eV pass energy (step 0.5 eV, dwell time 0.1 s), whereas the C 1s scans were recorded at 10 eV pass energy (step 0.05 eV, dwell time 0.1 s, 10 repetitions). The obtained XPS spectra were calibrated to 285.3 eV binding energy that corresponds to sp^3^ hybridization of carbon.^[@ref33],[@ref34]^ Deconvolution of C 1s peaks was carried out using the CasaXPS software using linear baseline and Gaussian line shapes of variable widths. The samples for XPS analysis were prepared in the same way as for the Raman analysis, that is, by drop casting the colloidal solutions on a Si wafer. We did not observe any significant charging of the samples that would influence the obtained spectra.

Evolution of surface functional groups on the NDs surfaces before and after air-annealing was characterized by grazing angle reflectance (GAR) Fourier transform infrared (FTIR) spectroscopy. IR absorbance spectra were measured using a nitrogen-purged Thermo Nicolet8700 spectrometer equipped with the KBr beam splitter and mercury--cadmium telluride detector cooled by liquid nitrogen. A 120 μL drop of the colloidal solution was applied on the Au mirror by a drop-casting just before the GAR-FTIR measurement. Prior to the drop-casting the Au mirrors were oxidized in radio-frequency plasma (45 W, 1 min) to achieve hydrophilic surface properties and thereby good spreading and adhesion of NDs. NDs on Au mirrors were dried at 100 °C for 2 min to evaporate water from the Au surface. Optical absorbance was calculated in the standard absorbance units as *A* = −log(*R*/*R*~0~), where *R* is the spectrum measured with NDs and *R*~0~ is the reference (background) spectrum recorded using clean Au mirror prior to the NDs application. In all cases, the spectra represent an average of 128 scans recorded with a resolution of 4 cm^--1^.

Results {#sec3}
=======

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows particle size distribution as obtained by DLS technique on colloidal MSY18 samples after centrifugation. It was recorded as intensity by volume. We use this formalism rather than the intensity by number to clearly demonstrate dominating sub-10 nm sized NDs from the volumetric point of view. The DLS spectra clearly show that the centrifugation reduces the mean particle size of the annealed MSY18 well below 10 nm. The MSY18-asrec exhibits somewhat broader distribution with the mean particle size of 9 nm. In most DLS spectra, a very weak signal from particles larger than 10 nm is detected; however, the size distribution curves obtained by DLS may be influenced by a solvation shell (i.e., tightly bound water) on NDs at these sizes.

![DLS distribution of MSY18 sample set taken as intensity by volume.](jp-2015-052596_0002){#fig1}

To roughly evaluate the yield of sub-5 nm NDs isolated by centrifugation from initial colloids, we used the procedure reported by Rehor and Cigler^[@ref24]^ for MSY 25 powder. The MSY 25 powder has median size of 25 nm, which is close to the MSY 18 powder (median 18 nm) used in this work. The fraction of sub-5 nm HPHT nanodiamonds in the as-received MSY 25 powder was estimated to 33% (number-weighted distribution) from TEM image analysis; however, 33% of number-weighted distribution corresponds only to 0.4 wt %. We assumed similar distribution also in the MSY 18 powder. Because we used 20 mg of the MSY 18 powder for the preparation of the 1 mL colloids, 0.4 wt % from 20 mg corresponds to 80 μg, which was below detection limit of our laboratory scales. On the basis of the size distribution characteristics provided by Rehor and Cigler,^[@ref24]^ we estimated the yield of sub-5 nm NDs to 5 μg of per 1 mg (i.e., 5 mg/g) of the initial powder after using the centrifugation step. Nevertheless, we obtained sufficient amount to be analyzed by XRD using MSY18-O3 dried colloidal solution. Comparison of (111) XRD peaks of DND and HPHT nanodiamonds (MSY18-O3) of similar size distribution is presented and discussed in Figure S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf). In brief, the peak of MSY18-O3 XRD peak matches that of monocrystalline diamond, while the DND-asrec XRD peak is asymmetric and shifted. In addition, the size obtained from XRD is underestimated for DNDs (3.2 nm) and overestimated for MSY nanodiamonds (7.2 nm).

To avoid the previously mentioned problems with XRD and DLS analysis, we performed AFM measurements that provide more accurate size values in both cases, including size distribution. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the typical AFM image of the MSY18-O1 on Si substrate with the height distribution in the range of 0--10 nm. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the processed AFM image after the particle size analysis procedure, which was used to obtain the accurate size distribution from the maximum particle height data. The size distribution statistics derived from the particle analysis is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d as number versus particle size and as volume versus particle size, respectively. The same statistics of DND-asrec are shown for comparison. (For the AFM image, see Figure S2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf).) The histograms show very similar size distribution of MSY18 and DND; that is, the number of sub-8 nm particles is dominant. Actually, from the number versus size histograms, it is obvious that the centrifugation keeps the mean MSY18 particle size around 3 ± 2 nm, which is even smaller than the DND size. Nevertheless, certain but not dominant fraction of larger (\>8 nm) MSY18 NDs appears in volume versus size histograms due to their grinding origin. Despite a reported existence of single DNDs of up to 30 nm in size,^[@ref35]^ we excluded larger particles (\>8 nm) from the DND size distribution analysis because the typical size of DNDs is 5 ± 3 nm. It is clear that due to the grinding origin of MSY18 NDs the larger particles (\>8 nm) cannot be ignored because they may still represent single particles. Nevertheless, their contribution to the volume distribution is not dominant for MSY18 samples, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, which is in accordance with the DLS analysis. As a matter of course, it is not possible to securely distinguish between a single particle and agglomerate from the AFM data.

![AFM image (1 × 1 μm^2^, *Z* scale 15 nm) of MSY18-O1 on Si substrate after ultrasonic-assisted deposition from the colloidal solution (a). Corresponding AFM image of MSY18-O1 after the particle analysis procedure (b). Size distribution histograms by number (c) and by volume fraction (d) of the DND and MSY18 NDs as derived from the AFM particle analysis.](jp-2015-052596_0003){#fig2}

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a the TGA curves of MSY18, and DND NDs (raw powders, no annealing/centrifugation) are shown. The TGA curves of both types of NDs can be divided to four temperature regions. In the first region "I" (25--150 °C), an initial decrease in weight due to desorption of adsorbed water is observed. This region is magnified in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, showing ∼3 wt % of water in MSY18, and DND. In the second region "II" (150--300 °C), the weight of both the MSY18 and DND is more or less constant. In the third region "III", an increase in the weight of DND is observed having a maximum around 450 °C. When the DND particles were annealed at 450 °C for 30 min prior to the TGA measurement, they become fully oxidized and did not exhibit any increase in this region any more (TGA curve not shown here). This indicates an oxidation of "light" C--H bonds^[@ref31]^ to "heavier" C=O or C--O bonds. In contrast, the MSY18 seems to be already fully oxidized, as they do not exhibit any increase in their weight; that is, they do not contain any C--H bonds and gradually decrease their weight, which indicates nondiamond phase removal. In the fourth region (\>500 °C) "IV", a pronounced steep decrease in weight of both MSY18 and DND samples occurs due to etching of diamond via oxidation in air. The temperature where the oxidative etching of diamond phase starts can be roughly extracted from the TGA curves. These temperatures are 450 °C for MSY18 and 480 °C for the DND. The lower temperature found for MSY18 indicates the presence of very small particles (sub-5 nm) that etch away faster than the larger particles due to their high surface-to-volume ratio. Also, various surface or lattice defects induced by grinding process may lower the oxidation temperature. DNDs exhibit a steeper decay of weight than MSY18-asrec due to their narrower size distribution, and their decomposition is finished at 780 °C. In contrast, the decomposition of the MSY18 is not finished until 800 °C due to broader size distribution.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows an exponential decay of the MSY18 mass with time during annealing at 450 °C. It is obvious that after 120 min of annealing at 450 °C the mass decay almost stops at ∼75% of the initial weight. The temperature of 450 °C was chosen in consensus with the TGA curve because above this temperature the weight loss accelerates, which points out the direct oxidative etching of diamond phase. Indeed, it is shown that the weight decreases to 63% after annealing at 500 °C for only 30 min (MSY18-O4).

![TGA curves of MSY18-asrec and DND-asrec with four temperature regions indicated. The inset shows the initial weight loss due to water evaporation. (a). Weight loss versus annealing time curve at 450 °C (MSY18-O1-3, black squares) and at 500 °C, 30 min (MSY18-O4, blue square) shown with corresponding colloidal solutions (b).](jp-2015-052596_0004){#fig3}

Representative STEM image of a nonannealed MSY18-asrec sub-10 nm NDs is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b. Besides the ∼2 nm crystalline diamond core, an irregular amorphous shell around the NDs is visible ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a can be identified as the diamond particle projected along the (110) direction, where the \[111\] and \[002\]-type reflections (2.06 and 1.78 Å spacing, respectively) are visible and apparent in the Fourier transform. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b is identified as a projection along (001), where the 1.78 Å spacing of the \[002\] type reflections is the largest visible periodicity. Interestingly, the amorphous shell around this ND seems to be reduced from the top and flattened more on the sides of this particular particle. Because the ND is deposited on the well-conductive monatomic layer of graphene, the low-density material charged with electron beam might be attracted to the graphene substrate during electron scanning. On the contrary, the particle in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b seems to be surrounded with the amorphous layer also from the top side. It is indicated from a slightly disturbed atomic order in the direct image ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) as well as from the blurred FFT pattern shown in the inset. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d shows a representative sub-1.5 nm NDs with no apparent amorphous shell as a result of air annealing. They can again be identified as diamond particles projected along (110), although a small mistilt appears to be present in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, in particular, shows one of the smallest ND identified having size of 1.1 nm. The diamond character of these NDs is confirmed by the FFT patterns shown in insets, which show clear symmetry corresponding to different orientations of the NDs and good agreement with the well-ordered crystal structure of diamond. Comparison of STEM images of representative detonation and HPHT nanodiamonds is provided in the Figure S3 in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf).

![STEM images and related FFT data (insets) of representative MSY18 NDs. MSY18-asrec ND showing a diamond core surrounded by an amorphous nondiamond carbon shell (a,b). Ultrasmall, sub-1.5 nm MSY18-O3 NDs after efficient removal of the nondiamond carbon shell by air-annealing (c,d).](jp-2015-052596_0005){#fig4}

Surface chemical composition and sp^2^/sp^3^ carbon content of the MSY18 NDs were analyzed by XPS. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the deconvoluted C 1s XPS spectra of the original MSY18 as-received NDs prior to the centrifugation, MSY18-asrec, and MSY18-O1. The spectra of the C 1s peak were deconvoluted into four peaks: C-sp^2^ (284.2 eV),^[@ref33]^ C-sp^3^ (285.3 eV),^[@ref34],[@ref36]^ C--O (286.6 eV), and C=O (287.6 eV).^[@ref37]^ The deviation of binding energies in the deconvolutions was in the range of ±0.2 eV.

![Deconvoluted C 1s spectra of MSY18 as-received powder prior to centrifugation (a), centrifuged MSY18-asrec (b), and annealed (30 min) and centrifuged MSY18-O1 (c).](jp-2015-052596_0006){#fig5}

The concentration of particular elements and chemical bonds as determined by XPS is summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The main identified elements were oxygen and carbon. Traces of other elements were not detected except for a trace amount of nitrogen (\<1%), which was not included in the compositional calculation. The signal from Si substrate was screened by a thick enough ND layer.

###### Elemental Composition and Concentration of the Chemical Bonds (Carbon Hybridization and Oxygen Bonding) of MSY18 NDs as Derived from the XPS Analysis

  sample name                            O (%)   C (%)   sp^2^ (%)   sp^3^ (%)   C--O (%)   C=O (%)
  -------------------------------------- ------- ------- ----------- ----------- ---------- ---------
  MSY18-asrec, prior to centrifugation   13      87      17          69          8          6
  MSY18-asrec                            12      88      52          4           33         11
  MSY18-O1                               13      87      10          76          9          5
  MSY18-O2                               15      85      9           74          10         7
  MSY18-O3                               14      86      9           76          9          6
  MSY18-O4                               16      84      9           74          8          9

The XPS data show a slight increase in the total oxygen content in the MSY18 NDs after the air annealing ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). From the deconvoluted XPS spectra of the carbon C 1s peak ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), it is obvious that the initial MSY18 as-received NDs already contain considerable amount of nondiamond sp^2^ phase (17%). As soon as the MSY18 as-received sample is analyzed after centrifugation (MSY18-asrec), the sp^2^ content further increases to 52%, while the sp^3^ content decreases to only 4%. This indicates very low concentration of real NDs in the MSY18-asrec sample, which is instead composed of sp^2^ carbon nanoparticles or NDs heavily covered by sp^2^ carbon. (See [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a.) These as-received particles (sub-10 nm according to AFM) are nevertheless well-oxidized, as suggested by totally 44% of C--O bonds detected by XPS. It is expected that the oxygen-containing surface functional groups are located on the surface of these carbon nanoparticles and its high concentration is a sign of the high surface-to-volume ratio of the sub-10 nm fraction. In accordance with the mass analysis, the sp^2^ content is greatly reduced already after 30 min annealing at 450 °C. Longer annealing time does not lead to further significant decrease in the sp^2^ content according to the XPS data.

The evolution of the surface chemistry as a function of air-annealing was also corroborated by the FTIR spectroscopy ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf)). As-received HPHT NDs contain epoxy and carboxylic acid groups that are the most probably a result of a treatment in strong acids at elevated temperatures during the fabrication process. The air-annealing leads to carboxylation and hydroxylation of the diamond core as well as to further formation of anhydrides and lactones, while the initially sp^2^-bonded epoxy and carboxylic acid groups are removed together with the amorphous graphitic shell. See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf) for more details.

![Photoluminescence spectra of MSY18-asrec (black), MSY18-O1 (red), MSY18-O2 (green), MSY18-O3 (dark blue), and MSY18-O4 (magenta) (a). PL kinetics of the MSY18-asrec (b) and MSY18-O4 (c). Blue vertical line is depicted at the spectral position of the PL peak attributed to surface functional groups present on purified NDs, whereas the green vertical line is plotted at the position of the PL related to functional groups bonded to sp^2^ carbon. In the case of MSY18-O1-4, spectral regions at around 400 and 520 nm were strongly contaminated by the Raman peak of the water and by the second harmonic of the excitation laser, respectively, and thus they were omitted from the plot.](jp-2015-052596_0007){#fig6}

The photoluminescence spectra of the studied samples are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The PL spectra are composed of two broad peaks centered at around 430 and 520 nm, respectively. The intensity ratio depends on the sample treatment (time and temperature of annealing). The PL spectrum of the MSY18-asrec sample is dominated by the second component at 520 nm, and the 430 nm component manifests itself only as a high-energy shoulder. Because the MSY18-asrec NDs are annealed at 450 °C, the overall PL intensity decreases and the PL spectrum changes. The initially dominant peak at 520 nm decreases with annealing time, while the peak at 430 nm starts to dominate the spectra of MSY18-O3 and MSY18-O4 samples. Because diamond has an energy band gap of 5.5 eV, that is, there is no band gap excitation at 355 nm, it is realistic to attribute these phenomena to modifications of functional groups on nanodiamonds. It is worth mentioning that C=O and OH functional groups alone in organic solvents such as alcohol and acetic acid do not give out light. Nevertheless, bound to the nanodiamonds backbone, the formation of some special conformations can be facilitated by the combination of hydroxyl groups and carbonyl groups in the vicinity of the edge of carbon nanomaterials.^[@ref38]^ The time-resolved spectra of MSY18-asrec ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b) and MSY18-O4 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c) show a different kinetics of both the 520 and 430 nm photoluminescence peaks. While the 520 nm peak has a slower decay (tens of nanoseconds) the peak at 430 nm exhibits an order of magnitude shorter (nanoseconds) decay time. This measurement indicates that the origin of the two PL peaks is different.

![(a) UV Raman spectra of the MSY18 NDs (after centrifugation) showing considerable increase in the diamond peak intensity over the broad sp^2^-related band 1500--1800 cm^--1^ of the annealed samples. (b) Raman spectra of centrifuged MSY18 and DNDs before (MSY18-asrec, DND-asrec) and after the same annealing treatment (MSY18-O1, DND-O; 450 °C, 30 min). Reference spectrum of monocrystalline diamond (MCD, 1332.8 cm^--1^, fwhm = 8.9 cm^--1^) is shown for comparison.](jp-2015-052596_0008){#fig7}

The UV-Raman spectra of the MSY18 as well as DNDs are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. Two main features dominate the Raman spectra of both kinds of NDs---the diamond peak at 1330 cm^--1^ for MSY18 and 1323 cm^--1^ for DND corresponding to the first-order excitation of the triply degenerate (F2g) optical phonon at the Brillouin-zone center^[@ref39]^ and a broad band feature (1500--1800 cm^--1^) commonly ascribed to the presence of a graphitic carbon.^[@ref40],[@ref41]^ Let us focus on the diamond peak first. Besides the large shift of diamond peak of DND samples (−10 cm^--1^ vs monocrystalline diamond standard), it also shows significant asymmetric broadening to lower wavenumbers (fwhm = 40 cm^--1^) with a sideband at ∼1250 cm^--1^. These spectral features are characteristic for UV Raman spectra of NDs of detonation origin.^[@ref26],[@ref42]^ On the contrary the diamond peak of MSY18 NDs exhibits only a minor shift (−3 cm^--1^) and broadening (fwhm = 15 cm^--1^) in comparison with the monocrystalline diamond standard. It is important to emphasize here that because we measured spectra of MSY18 samples after centrifugation, we deal with a very similar size distribution of the MSY18 and DNDs. (See the DLS and AFM data.)

The second dominant feature in the Raman spectra is a broad band rising between 1500 and 1800 cm^--1^. It has been shown that it might be composed of at least three overlapping peaks: G-band at 1590 cm^--1^ from in plane vibrations of graphitic carbon, a peak centered around 1640 cm^--1^ that has been ascribed either to O--H bending vibrations from the adsorbed water^[@ref43]^ or to small sp^2^ fragments,^[@ref40],[@ref42]^ and a shoulder at 1760 cm^--1^ related to stretching the surface C=O functional groups.^[@ref43]^ The Raman spectra unambiguously confirm that the MSY18-asrec sample contains a high amount of nondiamond carbon sp^2^ phase as the broad band with maximum at 1590 cm^--1^ has higher intensity than the diamond peak at 1330 cm^--1^. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, at the same time, perfectly demonstrates that already after 30 min annealing at 450 °C the diamond peak becomes dominant. The longer annealing times lead to further decrease in 1500--1800 cm^--1^ band intensity. Moreover as soon as the temperature of the annealing is raised to 500 °C (MSY18-O4), the 1500--1800 cm^--1^ band is further suppressed.

In the case of DNDs, the band at 1500--1800 cm^--1^ has a maximum at 1640 cm^--1^ (O--H or sp^2^) with the G-band (1590 cm^--1^) and C=O (1760 cm^--1^) related peaks as shoulders. Raman spectra clearly confirm different inner or surface structure of the MSY18 and DNDs of similar size. It is evident that while the air annealing of MSY18 at 450 °C for 30 min already reduces the graphitic content considerably, the same treatment does not lead to any significant change of DNDs.

Discussion {#sec4}
==========

1. Size Control {#sec4.1}
---------------

Centrifugation has already been used before for fractionation of NDs.^[@ref16],[@ref18],[@ref25]^ In the case of DND, nearly monodispersed distribution of single particles is possible to achieve^[@ref44]^ because the size distribution of DND is already narrow. Another study showed that centrifuge acceleration to 8.65 × 10^4^*g* for 40 min can provide NDs with median size of 4 nm starting from a HPHT material with median size of 30 nm.^[@ref25]^ Our results show that the HPHT material of 18 nm median size is more advantageous due to the possibility of using a common table-top centrifuge to separate the sub-10 nm ND fraction. The AFM particle analysis of all centrifuged MSY18 samples ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) showed that their size distribution is very similar to the size distribution of DNDs.

Nevertheless, we noticed a certain discrepancy between the DLS and AFM data. In particular for the MSY18-asrec sample the DLS shows larger sizes than detected by AFM. This may be caused by the fact that DLS technique measures the value of hydrodynamic diameter, i.e., also a hydration shell contributes to the measured diameter value. Purification treatment of the MSY18 powder involves oxidation treatment in aqua regia (HNO~3~/HCl, private correspondence with O. Kaderli from Microdiamant AG), which results in the removal of the metallic impurities after the grinding process and oxidation of the sp^2^ carbon phase (not to its removal), as evidenced by the detection of C--OH, C=O, and C--O--C bonds in the MSY18-asrec powder. (See XPS and FTIR data.) Thanks to these chemical bonds a water adsorption or intercalation may occur in the oxidized sp^2^ phase when stored under ambient conditions (3 wt % indicated by the TGA). The dispersion of such particles in water then may lead to a certain swelling of the disordered graphitic material or to the formation of a relatively thick hydration shell around the MSY18-asrec NDs. That is why we employed two independent techniques such as DLS and AFM to carefully evaluate the particle size distribution.

The particle size was further influenced by annealing treatment. Note that centrifugation is performed after the annealing. Thus, the histograms contain about the same size of NDs as determined by their weight, centrifugation speed, and duration; however, their material composition is different, as clearly shown by Raman, FTIR, PL, and STEM.

There is also a slight but noticeable shift of number versus size histogram to the larger sizes with the annealing. This indicates that smaller NDs (∼3 nm) are etched (i.e., cleaned and/or reduced in size) more efficiently than larger particles. Indeed, this is confirmed by emergence of a double peak in MSY-O4 histogram, which shows two dominant sizes: 5 and 1.5 nm. The sub-2 nm fraction must arise from a size reduction of larger NDs, as such small diamond particles are not initially detected. The annealing at 500 °C thus most likely leads not only to graphitic phase removal but also to considerable etching of diamond phase. Such an effect was indeed detected by TGA and mass analysis. (See [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.) The different etching efficiency as the function of particle size can be explained by the nonlinear dependence of surface-to-volume (S/V) ratio toward smaller particle sizes. Specifically, the S/V ratio can be estimated to 1.2 for 5 nm, 2 for 3 nm, and 4 for 1.5 nm particles.

True diamond character of the sub-2 nm particles is not directly obvious, though. Nondiamond particles would not withstand the etching process, yet they could newly arise due to instability of diamond particles \< ∼2 nm, which is presumed during the detonation or plasma CVD process for diamond growth. More specifically, theoretical calculations predict a transformation of a ND into a bucky diamond (nanoparticle with a diamond core surrounded by fullerene shells) as its size decreases below 2.2 nm,^[@ref45]^ and determine a window of stability for ND to be in the range of approximately 1.9--5.2 nm.^[@ref46]^ More recent theoretical results show a strong dependence of the fraction of sp^3^, sp^2+*x*^, and sp^2^-bonded carbon atoms on ND shape (octahedral, truncated octahedral, cuboctahedral and cuboid shapes) in the 1--3.3 nm range;^[@ref47]^ however, in the mentioned calculations, no air-annealing was involved. It was theoretically shown that the primary role of oxygen is the saturation of surface carbon atoms and the etching of the graphitic part, that is, to increase the sp^3^ ratio. It was suggested that if \[200\]-faceted NDs as small as 1 nm in diameter are formed during synthesis, they will be kinetically stable up to 1500 K.^[@ref48]^ Such theoretical predictions are in good agreement with our experimental observations. For instance, the STEM images ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d) clearly show stable HPHT NDs as small as 1.1 nm with \[111\] facets and no apparent nondiamond shell. More details of the ND material quality and surface chemistry are discussed in the following section.

2. Purity Control {#sec4.2}
-----------------

Achieving the small size of NDs is only the first step, though. Wherever well-defined NDs are needed, the considerable sp^2^ nondiamond phase (∼25 wt %) found in MSY18 as-received NDs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) might represent a severe obstacle. The centrifugation alone led only to further accumulation of the nondiamond carbon, as directly identified by XPS ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and Raman spectroscopy (data not shown). The nondiamond carbon obviously comes from the grinding process. The high-energy impact of the grinding beads leads to cleavage of the diamond micro/nanocrystals and to the generation of dangling bonds at the new surface. This promotes the reconstruction of the particle surface to sp^2^ disordered carbon. The resulting sp^2^ carbon nuclei lead to the subsequent formation of more extended areas of graphitic material on the particle surfaces due to local heating in the milling mixture.^[@ref49],[@ref50]^ Pressure-induced graphitization (pressure exceeding 900 GPa)^[@ref51],[@ref52]^ of the smallest, originally diamond particles certainly contributes to the disordered graphitic material formation as well.

To purify the NDs, we can use a simple approach based on the annealing in the ambient air. The air-annealing of the DNDs is already a well-established technique not only for removing the nondiamond graphitic content but also for terminating their surface with oxygen-containing groups at the same time.^[@ref28],[@ref31]^ The most suitable temperature--time range reported is 400--430 °C applied for 5 h, resulting in the oxidation of sp^2^-bonded carbon with no or minimal loss of diamond.^[@ref26]^ On the basis of the TGA experiments, we chose the temperature of 450 °C, which enables us to use a shorter time for the sp^2^ phase removal. Indeed, efficient purification of the MSY18 NDs is evidenced by the XPS, STEM, PL, and Raman spectroscopy, which all show a substantial decrease in the sp^2^ phase content already after 30 min of the annealing treatment at 450 °C. The purification progress is visualized by STEM. STEM showed the core--shell structure of a ND prior to the annealing ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) as well as well-defined clean NDs without any apparent disordered sp^2^ carbon shell after the annealing ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b--d). The core--shell structure of the untreated MSY18-asrec NDs is obviously responsible for the differences in XPS and Raman analysis. XPS is a very surface-sensitive technique, which in the case of centrifuged MSY18-asrec predominantly detects the surface sp^2^ carbon from the outer shells because the attenuation length of X-rays of used energy (1486.6 eV) is ∼3.5 nm for carbon.^[@ref53]^ On the contrary, Raman spectroscopy also probes the volume of a sample, and thus both sp^2^ and sp^3^ carbons were detected in the MSY18-asrec sample.

The results of the PL experiments ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) correlate very well with the interpretation of structural and surface chemistry changes as a function of the annealing process. The PL component at 520 nm can be obviously assigned to the nondiamond phase with specific surface functional groups such as epoxy/carboxylic groups, the content of which is strongly reduced when the MSY18 NDs are annealed at 450 and 500 °C. On the contrary, the blue PL peak at 430 nm being originally a mere shoulder in the MSY18-asrec spectrum became dominant in the MSY18-O4 (500 °C, 30 min) spectrum. A similar blue-green PL (UV excitation) has been observed in graphene nanodots prepared in different oxidation states. While fully oxidized graphene nanodots with −COOH and C--O--C groups exhibited a green PL, the reduced graphene nanodots with −OH groups exhibited a blue PL.^[@ref54]^ The most recent study of surface chemistry-dependent PL study on nanodiamonds also assigned a blue PL component to the −OH bond bound to nanodiamonds.^[@ref55]^ Thus, the 520 nm green peak originates from the −COOH and C--O--C groups mainly bonded to sp^2^ amorphous shell, while the blue PL peak at 430 nm most probably originates from −OH moieties bonded to exposed diamond core. This assignment is in good agreement with evolution of surface-functional groups as a function of the annealing time and temperature, as evidenced by FTIR. (See [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf).)

Alternatively, the origin of the blue PL peak at 430 nm could be ascribed to the A band, which is one of the most characteristic luminescence features of diamond. Its decay time is typically below 10 ns,^[@ref56]^ which is in a good agreement with our data in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c. While diamond itself should have no visible PL due to its wide band gap, this dislocation-related PL feature having a maximum at ∼430 nm is readily observed in natural diamonds, CVD diamond films, and HPHT synthetic diamonds.^[@ref57]^ The presence of dislocations in the NDs may be indicated, for instance, by the broadening of diamond Raman peak compared with the monocrystalline sample. (See [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}.) Because the HPHT NDs are made by grinding process of HPHT microcrystals, it is likely that in addition to the already present dislocations in the original microcrystals, new ones can also be formed during the grinding process; however, if the blue PL peak at 430 nm arises from the A band it should emerge immediately after the first 30 min of annealing, as most of the nondiamond phase is removed. This is not observed, and rather a step-like increase is observed in the MSY18-O4 sample. Thus, it is most probably connected to the --OH bonds formation, as evidenced by FTIR.

UV-Raman spectroscopy ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) confirms graphitic carbon (G-band, 1590 cm^--1^) as the main component in the MSY18-asrec sample in accordance with the XPS analysis. The efficient removal of the graphitic carbon and thus purification of NDs by means of air annealing is evidenced by the decreasing the G--band (1590 cm^--1^) intensity, although the G-band signal does not fully disappear even after annealing at 500 °C for 30 min (MSY18-O4), again in accordance with the XPS analysis. At this temperature, an oxidation of the sp^3^ diamond phase already occurs (see TGA data), and thus it cannot be the original nondiamond shell. This leads us to the conclusion that the residual signal from the graphitic phase in Raman as well as XPS spectra comes from sp^2^ surface carbon atoms, which may be present especially on \[111\] planes of NDs. Indeed, STEM FFT patterns indicated \[111\] orientation of our HPHT NDs.

In contrast with HPHT NDs, Raman spectra of DND exhibit the broad band between 1500 and 1800 cm^--1^ with a maximum at 1640 cm^--1^, while the G band is present only as a shoulder. Moreover, the air annealing at 450 °C, 30 min of DND does not lead to any reduction of this band intensity or a change of its shape. It means that the shell of DND-asrec NDs has different and more complex structure than that of MSY18 NDs.

It was repeatedly reported that the diamond core of DNDs is covered by a surface shell that is formed during the explosion. The 1640 cm^--1^ Raman peak was ascribed to a mixed sp^2^/sp^3^ carbon structure,^[@ref58]^ or it was referred to as a peak of "sp^2^ carbon"^[@ref59]^ or "sp^2^ clusters"^[@ref40]^ without any explanation regarding the structure. D′ peak (1620 cm^--1^) as it appears in nanocrystalline graphene^[@ref60]^ may also contribute to this band. Pichot et al.^[@ref27]^ performed a comprehensive study of air-annealing purification of DNDs, and despite very clean final DND product, the thickness of the nondiamond carbon shell, which still covered the ND surface, was estimated to be 0.345 nm. Pawlak et al.^[@ref61]^ showed by means of scanning tunneling microscopy the presence of both ordered relaxed surfaces attributed to C\[111\] or graphene and disordered chain-like graphitic structure present on DNDs surface. Because of rapidly changing nonequilibrium conditions during the detonation process, also a transient sp^3^/sp^2^ layer between the diamond core and graphitic shell was suggested for the DNDs.^[@ref17]^ While the utmost graphitic layer is accessible for the removal via air oxidation, the transient sp^3^/sp^2^ layer probably persists on the diamond core after the air oxidation. Obviously, the MSY18 NDs do not contain such transient sp^3^/sp^2^ layer, and the graphitic shell can be efficiently removed by the air annealing.

The 1640 cm^--1^ Raman peak was also suggested to originate from bending O--H vibration coming from adsorbed water based on Raman and FTIR experiments on DNDs despite a very weak Raman cross section of water.^[@ref43]^ Mermoux et al.^[@ref42]^ recently performed a multiwavelength Raman spectroscopy study and showed that Raman spectroscopy is actually rather insensitive to the surface chemistry of DNDs and concluded that the whole 1500--1800 cm^--1^ region in Raman spectrum indeed comes from a nondiamond carbon. We believe that our results support those of Mermoux et al.,^[@ref42]^ as Figure S4 (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf)) shows that the FTIR spectra of both MSY18-O1 and DND-O NDs after the same annealing treatment exhibit the presence of O--H bending vibrations (1625 cm^--1^). Its intensity seems to be even higher in the MSY18-O1 spectrum. Thus, the obvious difference in the 1500--1800 cm^--1^ region of the MSY18-O1 and DND-O Raman spectra cannot be satisfactorily explained by adsorbed water because both MSY18-O1 and DND-O NDs have similar sizes (unless there is a significantly different water adsorption between DNDs^[@ref62]^ and HPHT-NDs).

3. Phonon Confinement {#sec4.3}
---------------------

Another striking difference between the Raman spectra of MSY18 and DNDs is the different shape of the diamond peak. While the diamond peak of the annealed MSY18 NDs resembles that of monocrystalline diamond, a strong shift toward the excitation-laser line, asymmetric broadening, and a low-frequency shoulder of diamond peak are typical features observed in Raman spectra of the DNDs. Depending on the peak shift and broadening, the Raman spectroscopy has often been used even as a tool for size determination of, for example, Si,^[@ref63],[@ref64]^ TiO~2~,^[@ref65]^ and ZnO^[@ref66]^ nanocrystals using the phonon confinement model.^[@ref67],[@ref68]^

Also, for DNDs, the shift and asymmetric broadening are regularly explained by phonon confinement effect due to the small size of the DNDs (∼5 nm); however, the origin of the shoulder at 1250 cm^--1^ remains speculative. On the basis of the Raman investigation of diamond-like carbon films, Merkulov et al.^[@ref69]^ and Prawer et al.^[@ref70]^ assigned this shoulder to amorphous diamond, that is, to a disordered structure of sp^3^-hybridized units. On the contrary, Mykhaylyk et al.^[@ref58]^ and Osswald et al.^[@ref71]^ suggested that not only the shift and asymmetric broadening of the diamond peak but also its low-frequency shoulder originate from the phonon confinement effect in smaller coherent scattering domains separated by defects in DNDs. In brief, the phonon-confinement model (PCM) took into account contributions from phonons away from the center of the Brillouin zone, which may start to contribute to Raman spectrum if a scattering domain (nanoparticle) is sufficiently small; however, this explanation is problematic due to following reason: Most often the 2D defects present in the DNDs are the twin boundaries, leading up to even 5-fold twin structure, as identified by HRTEM.^[@ref71],[@ref72]^ Then, each grain can be considered as an independent domain and may contribute to the phonon confinement effect, that is to a broadening and blue shift of the diamond line, but because the DNDs are not strictly monodisperse, a smooth broadening of the diamond peak to lower wave numbers is reasonable to expect. (Particles of different sizes have scattering domains of different sizes, and an overlap has to occur.) This is in disagreement with the real Raman spectra of DNDs, in which the 1260 cm^--1^ band is typically detected as a sideband.

The Raman diamond peak blue shift down to 1323 cm^--1^ and broadening to 32 cm^--1^ as predicted by the PCM^[@ref41]^ roughly correlates with values extracted from our DND Raman spectra as well as with the results reported by other groups.^[@ref41],[@ref42],[@ref71]^ On the contrary, the fitting of diamond peak of HPHT NDs (MSY18-O1) according to frequently used PCM modification of Yoshikawa^[@ref41]^ (see the blue curve in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) resulted in the size of scattering domain of 10.8 nm, while the volumetric mean size evaluated from AFM is 6.3 nm. Thus, the use of the simple approach of Yoshikawa^[@ref41]^ leads to inaccurate values of the mean ND size estimation. In general, sufficiently accurate estimation of mean particle size from single spectral measurement can be done only for ideal size distributions such as normal or log-normal.

It may be objected that the larger NDs may mask the phonon confinement effect in HPHT NDs as the Raman signal is directly proportional to the volume of particles; however, we have shown by the AFM particle size analysis that the main volume fraction is concentrated between 3 and 8 nm (∼70%) and the rest of the region 8--14 nm has somewhat flat volumetric distribution. Incorporating this measured size distribution into the Yoshikawa model gave an even worse fit of the measured diamond peak. (See the light blue curve in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}.)

![Diamond peak line shape of MSY18-O1 NDs fitted by the approach of Yoshikawa, equations S2 and S4 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf) (blue curve). The fitted parameters of the red curve are fwhm = 12 cm^--1^, *D* = 10.8 nm. The approach of Yoshikawa involving the AFM distribution and fwhm =8.9 + 6.88/*D* (cyan curve). Simulated diamond peak line shape of MSY18-O1 NDs by the modified PCM model using the measured AFM size distribution (red curve, equations S6 and S7 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf)).](jp-2015-052596_0009){#fig8}

Osswald et al.^[@ref71]^ modified the PCM by fitting the contributions of seven individual phonon modes to fit not only the diamond peak but also its low-frequency shoulder. With each phonon mode, independent particle (or domain) size was fitted; however, this approach led to the size between 1.8 and 3.9 nm for five phonon modes but to 11.3 and 17.4 nm for the other two phonon modes. In our opinion, the contribution of the larger domain size cannot be ignored in any phonon mode. Also, the weighting of particular phonon branches is not clear. Thus, although the approach of Osswald et al.^[@ref71]^ leads to more accurate fits, it cannot be used to determine the mean particle size. For such a purpose, the model can be modified under the assumption that NDs do not contain coherent domains that are smaller than their size. (See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf) for more details.) Under this assumption, all phonon modes equally contribute to the Raman scattering because virtually no crystallographic direction is preferred in the ensemble of approximately spherical NDs. It can be seen in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} that the shape of the measured MSY-18-O1 diamond peak can now be reconstructed without any fitting, just using the measured volumetric particle size distribution (red curve). It means that the slightly asymmetric shape and minor blue shift of the peak could be indeed explained by real phonon confinement effect in the HPHT (MSY18) NDs.

Because the DNDs have very similar volumetric size distribution to the MSY-18 centrifuged particles, other effects must be considered to explain much larger blue-shift, asymmetric broadening, and distinct low-frequency shoulder of the DND diamond peak compared to HPHT NDs. For example, laser-induced heating was shown to influence the diamond peak maximum of HPHT NDs.^[@ref73]^ However, for DNDs this effect was negligible. It has also been shown by experiments with diamond anvil that the Raman diamond peak broadens and shifts to higher energies by application of a compressive stress.^[@ref74]^ The opposite shift observed here may indicate a tensile stress due to certain lattice distortion. Using XRD, Yurev et al.^[@ref75]^ has shown that quality of DNDs may be assessed by measuring lattice distortion compared to natural diamonds. Indeed, various lattice distortions were frequently found in DNDs from various manufacturers. Thus, we assume that the anomalies in the Raman spectra of DNDs are most likely due to various defects (point defects, lattice defects, scattering domains) rather than to phonon confinement in perfect diamond nanocrystals.

4. Model of Size and Purity Control {#sec4.4}
-----------------------------------

We can summarize the above data and findings by assembling a schematic model of the size and purity control by air annealing of HPHT NDs. The model is shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. At first, there is a high concentration of graphitic carbon in the MSY18-asrec NDs. Larger particles have a core--shell structure with a diamond core surrounded by a graphitic layer, while the smallest MSY18-asrec nanoparticles dominantly consist of sp^2^ amorphous carbon. As we demonstrated for larger particles, the graphitic shell becomes greatly reduced by the air annealing at 450 °C without affecting the diamond core, yet note that the annealing obviously reduces the overall particle size and thus in the given size range more purified NDs are collected in the supernatant after centrifugation (as indicated by the tilted black arrows). Hence, with the help of centrifugation, sub-10 nm NDs (mean size ∼3 nm) of excellent purity and crystallinity may be obtained. As the temperature of the air-annealing is increased to 500 °C, the oxidative etching of diamond is initiated, and a certain loss of diamond content is additionally observed. At the same time this produces a considerable amount of 1 to 2 nm NDs due to the size reduction of originally larger NDs (as indicated by the tilted red arrows).

![Schematic model of the sub-10 nm MSY18 NDs size distribution and composition before and after subsequent annealing at 450 °C. It shows gradual reduction of graphitic phase (black) content with annealing time, including removal of amorphous carbon dots. Size reduction of diamond core itself is also depicted for the annealing at 500 °C.](jp-2015-052596_0010){#fig9}

Conclusions {#sec5}
===========

We presented a simple yet effective approach to control the size and purity of HPHT NDs below 10 nm by annealing in air and centrifugation. We showed that as-received NDs contain ∼25 wt % of nondiamond carbon in the form of stand-alone carbon dots and nanodiamonds thickly covered by amorphous sp^2^ carbon shell weakly bound to the diamond core. The amorphous sp^2^ carbon is efficiently removed by air annealing at 450 °C. This temperature was derived from the thermogravimetric analysis because it represents a boundary of the oxidative etching of diamond phase. After this purification treatment, dominant fractions of high-quality HPHT NDs as small as 3 ± 2 nm (i.e., at or even below DNDs typical size) were obtained by relatively short centrifugation treatment, as evidenced by AFM/DLS/STEM (size) and XPS/STEM/Raman spectroscopy (purity). Furthermore, we showed that this approach can provide a considerable amount of nanodiamonds as small as 1.1 nm, which are probably the smallest man-made nanodiamonds ever shown and characterized. This size already attacks a molecular level, yet it remains fully crystalline without any apparent nondiamond shell. These findings shift the stability region of the standalone nanodiamonds down to 1 nm. For instance, Vlasov et al. recently showed^[@ref76]^ that NDs as small as 1.6 nm isolated from a meteorite are capable of housing stable photoluminescent silicon vacancy (SiV) color centers.^[@ref77]^ In this context, our method offers a great advantage in employing easily available HPHT NDs for making high-quality molecular-sized luminescent NDs for numerous applications.

The direct comparison of the MSY18 and DNDs Raman spectra on similar particle size scale brought us a new insight into the phonon confinement in diamond. The slightly asymmetrically broadened diamond peak of the HPHT NDs was fully described by the phonon confinement model when the measured ND size distribution was taken into account. Contrary, the spectra of DNDs could not be fitted correctly by this model. The observed DND diamond peak anomalies (blue shift and broadening) are thus caused rather by scattering on small domains separated by defects or by other effects, including the lattice stress or material gradient (diamond core-sp^3^/sp^2^ transient layer). From this point of view, the Raman spectra of the annealed HPHT NDs can be considered as the direct evidence of their excellent diamond character down to 1 nm size, which may also enable further experimental studies of general quantum phenomena in diamond that was scarcely attempted so far due to lack of convenient material. Thus, they may represent a new quality standard among sub-10 nm NDs.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.5b05259](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.5b05259).Comparison of X-ray diffraction peak of (111) plane of MSY18-O3 and DND-asrec nanodiamonds, AFM topography image of DNDs on Si substrate, size distribution histogram derived from the AFM data showing mean particle size ∼4 nm, STEM images of single DND and HPHT nanodiamond particle, full range FTIR spectra and 1000--2000 cm^--1^ region of the MSY18 NDs before and after air-annealing, full range and 1000--2000 cm^--1^ region FTIR spectra of MSY18-O1 and UDD-O annealed under the same conditions, and modified phonon confinement model equations. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05259/suppl_file/jp5b05259_si_001.pdf))
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